This paper is to propose the liquid-solid two phase modeling for simulating the flow and segregation of fresh concrete with the authors intention of getting the mathematical background for mixture design concept serving super fluidized fresh concrete. The multi-component structure of solid phase was newly introduced into the frame of conventional liquid-solid two phase model in fluid dynamics. The partial stresses carried by gravel, sand and cement powder were implemented and the compatibility equations derived from experimental works were incorporated in the scheme of formulation for multi-component solid suspended by liquid. For verifying the capability of the physical model concerned, the trial model for particle-to-particle interaction was combined with the entire frame of formulation. It was examined that the model can follow the behaviors qualitatively in terms of the fluidity and segregation of particulate flow.
INTRODUCTION
In the fields of mechanical and mining engineering, liquid-solid two phase flow has been of interest to engineers with regard to the sedimentation of solid particles in pipe lines, blockage and erosion. Similar problems arise in the pumping transportation of fresh concrete concerning the pumpability and risk of blockage1.
Here, the segregation resistance as well as the deformability will be associated with the pumpability of fresh concrete.
This paper aims at the computational modeling to simulate the particulate flow with different sizes of particles, deformation and segregation of fresh concrete on the line of multi-phase and multicomponent assembly of solids. Through this mathematical discussion, the authors expect that some physical and mechanical background will be obtained for establishing the mixture design of selfplacable concrete with super fluidity2, because the requirement of both segregation resistance and fluidity is the key of this self-placable concrete. In the past, some theoretical discussions have been developed on concrete flow3-6. Since those approaches treated fresh concrete as a single phase fluid of nonlinear continuum, the material properties as an uniform continuum are represented by the fluid constants, i. e., the viscosity coefficient and the yield stress in the frame of rheology.
However, the single phase fluid approach is not applicable to the segregation and the blockage in principle. Furthermore, the mixture of fresh concrete cannot be directly linked with the computation. This is one of the weak points of single continuum approach. Fig. 1 shows the volume passing through small spacings just under gravity action. It is noticeable that the greater slump concrete turns out to be less fluid after all due to the segregation which gave rise to the blockage by water-discharged concrete cohesive around some openings. It is self-evident that the single phase approach based on the rheology cannot deal with segregation and its associated fluidity of flowing concrete.
As for segregation, the authors adopted multiphase approach in which the degree of freedom on segregation is naturally incorporated as the relative rate of flow between particulate solids and liquid8-9. In this study, further improvement was attempted in terms of partial stresses based on the multi-component assembly for solid phase. Conducted will be the numerical case study and sensitivity analysis of each physical model, which is supposed advisable for constructing the practical fresh concrete models.
GENERAL FORMULATION
In the series of study10-12, the authors adopted the spatially averaged technique to generate the smeared-out continuous field of particle velocity and the volume fraction of solids12. Hereafter, we follow the same line for continuum formulation based on the control volume. In the multi-phase idealization, categories of gravel (g), sand (s), powder (s) and free water (w) may be acceptable for concrete. Let Ci denote the index of volume fraction for phase (a). The index at location (x, y, z) is equal to unity when the location concerned is occupied by the particular phase represented by (a), otherwise, zero. Similarly, V1 is defined as the velocity of individual phase in space, and specified zero when C1 is equal to zero.
The water and void inside solids are regarded as the solid phase. The free water is defined as the water which can move independently on the motion of solids. The water trapped on the roughness of the surface of aggregates and powder is not specified as free water.
Here, let us set the control volume along stream lines of pipe flow without free surface as shown in Fig. 2 . The control volume is surrounded by the pipe wall and two fictitious sections normal to the axis of flow. This control volume having the finite size along the axis is the basis of spatial averaging process. For smoothing the particulate flow in the visualization experiment, the authors adopted the control volume whose size is not less than three times the maximum size of particles12. According to the mass balance requirement of each phase, we rrpiCiVndA+d{I11p1CzdV}-0 where, n and pi are normal vector to the flow sections and the density of particle specified by i(=g, s, p, w).
The first term of Eq. (1) means the divergence of mass from the control volume and the second term is the increasing rate of mass contained in the volume concerned. Regarding the axis of flow denoted by "s", Eq. (1) where, Fi and f are defined as the force acting on the surface of the control volume and the body force on phase (i).
The left side of Eq. (7) represents the resultant force and the right, the substantial change of momentum on Eulerian expression. The axial component of the above vector equations yields the following form. The secondary stress denoted by is fictitious and similar to Reinolds stress of turbulent flow with regard to the mixing of particles along the direction of main flow. The value of Qi physically corresponds to the fictitious body force due to the mixing of particles excited by the secondary flow over the section.
IILdsFtdA+I11dsF1dAlcos(-)
According to the requirement of thermodynamics, we need to simultaneously satisfy the governing equations with respect to the balance of kinematic, potential and specific energy for each phase. This requirement is crucial especially for high rate compressive flow under varying temperature field or flows accompanying phase transformation13. Since we may assume the constant temperature during the multi-phase flow concerned and the incompressibility of constituent materials of each phase, the conservation of energy can be implicitly satisfactory provided the mass balance being maintained at any time and space domains.
For finalizing the self-consistent system of governing equations, we relate each phase stress to the condition of flow, i. e., constitutive equations with the authors intention to incorporate the concept of partial (phase developing) stresses, respectively.
First, let us consider the stress acting on the water phase in concrete mixture. At a section of the control volume, the specific area where free water exists is indicated by (1-C9-CS-Cp).
When we define the pore water stress caused by the shear and collision of water molecule, the sectional and peripheral averaged partial stresses as 6w and v in Eq. (11) yield,
where, P and zw mean water molecular contact stresses merely developing within water phase in compression and shear. As a matter of fact, these are so called pore water stresses which appear also in two phase models of composite14
Let us proceed to the sectional and peripheral averaged partial stresses of powder assembly.
Since the size of powder is quite bigger than water, it is needed to consider two mechanisms which cause the phase developing stress, i. e., the powder-to-powder interaction, and water-topowder interaction. The powder contact stress related to the former mechanism is defined within the volume where the presence of powder is assumed. The latter interaction from finer particles to coarser ones can act just on the surface of powder as shown in Fig. 3 . When we assume the point touch among particles, the contact area defined on the solid particles becomes negligible. This means that the area on which the interacting force acts from finer particles to coarser ones coincides with the volume fraction of coarser component. Then, we have, Similarly, we can introduce the classified partial stresses from powder to gravels with respect to the size of particles belonging to each phase of solids.
The analogy of formulating averaged phase stresses of water and powder yields,
where, subscript "ci" indicates the contact stress which represents the particle interaction of the i-phase. The second terms of the right hand side of Eq. (13) where, gs is the component of the gravity acceleration in the direction of main flow and Ski is the specific drag force acting on the i-phase from the k-phase as segregation resistant factor. The past approach where fresh concrete way treated as single fluid with complex material properties in appearance made it impossible to deal with segregation. However, since we have different degrees of freedom on the flow of constituent components and phases, the segregation resistant factor is introduced as a natural result. This is the other major advantage and the kernel which the authors sought in this study, because the segregation was proved to be associated with the macroscopic fluidity and easiness of fresh concrete being placed without external actions (See Fig. 1 ).
DEGENERATED MODEL FOR CONCRETE
As far as the mathematical potential is concerned, the proposed model is effective to any sort of segregation. But, as the segregation process of gravel from fresh concrete under flow is of interest to the authors, we degenerate the degree of freedom on the motion of components as follows.
uw=up=us(=um) Uyum
For quasi-static behaviors of fresh concrete, the authors degenerated the freedom of motion with respect to the motion of water and other components15),16) In this study, the motion of water, powder and sand is assumed to be common and regarded as the kinematics of mortar designated by the subscript "m", because the segregation of gravel and mortar is our concern for total evaluation of fluidity. Accordingly, the degeneration of motion leads to the simple simultaneous equations of motion in terms of gravel (g) and mortar (m) as, -S m9+CpsCs+ppC+pwCw)gsA p7Cs+ppCp+pwCw)Af+um where, the fictitious body force and the stress in Eq. (11) are explicitly neglected. It can be thought that these values are implicitly involved in the constitutive laws to define the axial mean stress and segregation resistance.
The material properties are reflected by the constitutive laws for contact stress of each component. Since the source of contact stress is particle rearrangement in shear, some indicator for intensity of shear mode deformation of particle assembly is deemed an essential one. The authors have reported the empirical compatibility equations to relate the intensity of rearrangement of particles densely suspended in liquid matrix to the mean flow rate of particles as follows. The sands existing in the voids of gravels expressed by (1-Cg) and the powder which can exhibit its presence in (1-Cg-CS) will undergo higher local shear intensity. Concerning the shear intensity of sand and powder in the mixture, we tentatively assume the inverse proportion in terms of volume as, where, ri and ri are well adopted cohesive stress and the viscosity coefficient of the i-phase in rheology.
The value of i1 is defined as the lateral stress ratio, which is part of the constitutive law to be incorporated with the axial stiffness in Eq. (23).
As for segregation resistant force, the authors used the empirical formulation of D5 which is the force exerted on sphere of radius "a"18. Since the number of aggregates in the control volume per unit length is 3ACgl47ca3, we have, DS=Ha(um-ug)+a2TJ
where, H and T are viscosity parameters of mortar related to the viscosity coefficient and the yield stress of paste component in Eq. (26) in rheology since water to cement ratio is predominant for these values in Eq. (27) as well as the material constants in Eq. (26).
NONLINEAR FINITE DIFFER-ENCE SCHEME
By substituting Egs. (12)- (15) and Egs. (20)- (27) into Eq. (18) and Eq. (19), we have two independent kinematic equations in terms of ug, Urn, Ci=g,s,p,w and P. Simultaneously, we have four mass balance equations denoted by Eq. (5) and one compatibility by Eq. (6) with the same variables above. Since we have seven independent equations under seven unknown valuables, this system is mathematically complete. The seven equations can be discretized by the backward finite difference scheme. As for the finite difference equation (5) where, Cg (s, t) and ug (s, t) are valuables at location s and time t. Cg(s,t-dt) and ug (s-ds, t) are backward values of one step in space and time.
With the same manner as above in Eq. (28), we have discretized four mass balance equations (F1, F2, F3, F4) regarding four individual phases. The momentum conservation by Eq. (18) is also discretized in time and space domains as,
F5[Ci=g,s,p,w(s;t),ug(s,t),um(S,t),P(s,t)]=0 -21rRi g(s,t)+Smg(s,t)+pgCg(s,t)A(s) -p gCg(s,t)A(S)ug(s,t)
where, the stresses expressed by a6 (s, t) and Zg (s, t), and the segregation resistance force as Smg (s, t) are also functions of the seven valuables at (t, s).
Eq. (29) includes the seven valuables at particular time and location with the backward known values. Similarly, we have the discretized algebra (F6, F7) of Eq. (19) and Eq. (6), respectively. Accordingly, we can get unique solution of the seven valuables at (t, s) with the values at previous time step t-dt and the backward adjacent location s-ds by solving the above seven nonlinear algebraic equations. In this study, Newton Raphson method of iteration was adopted for simultaneously solving {Fi=0}.
The authors applied the model to the pipe flow of fresh concrete. Along the axis of pipes, the analysis domain was discretized into finite difference nodes and the constant time partition was adopted in dividing the time domain (See Chapter 5). The rates of flow and the volume fractions of components were defined as the boundary condition at the inlet. The pore pressure denoted by P must be zero (This means that pore pressure is defined based on the atmospheric one) at the outlet. It is another boundary condition to be satisfied at any time. Initial conditions have to be also specified in terms of ug, um, Ci=g, s, p, w and P.
In step-by-step computation, first, the pore pressure at the inlet was assumed. If we have the solution at the previous time step, the solution at the next position from the inlet can be obtained by solving the above seven algebraic equations. Under the assumed inlet pore pressure, we can get finally the solution at the outlet where the pore pressure must satisfy the boundary condition. If the boundary condition at the outlet would not be satisfactory, the inlet pore pressure of water phase was redefined again until the convergence criterion would be met. The Modified Newton method of iteration was adopted regarding the inlet pore pressure.
NUMERICAL SIMULATION
(1) Material constants The lateral stress ratio is obtained by solving generic constitutive law if any. The microscopic contact model for particulate compactness brings one to one relation between the value of i and the local contact friction between particles. Concerning aggregates under higher confinement, the lateral stress ratio was reported approximately 0.519. In this simulation, the authors adopted 0.5 as common value of solid components, and 1.0 for water with perfect isotropy.
The common value of frictional constant ui=g, s, p between solids and pipe wall was used as 0.4. Since water is confinement independent material, uw must be zero.
The viscosity constants (zvo,i,Ti) of aggregates should be zero. As for water and powder whose rates of flow are assumed same, the sum of viscosity constants of water and powder phases becomes substantial in the formulation, because Eq. (19) requires the sum of the shear partial stresses of powder and water phases. According to Tanigawa's one-plane shear test of paste and mortar20, the authors set the standard values for computational simulation as, Zvo,w-Zvo,p=2x10-3kgf/cm2
The drag force test conducted by Kishitani8 can be used to set the standard constants in Eq. (27) for simulation although these viscous parameters are affected by water to cement ratio. With reference to the range of experiment, the authors tentatively used two sets of parameters as, T=3.5X10-3kgflcm2 low viscosityh H=0.06 kgfs/cm2
T=3.5X10-3kgflcm2 high viscosity H=1.0kgfs/cm2
As a matter of fact, these material constants affected by water to powder ratio are not sensitive to the computation, because the aggregates stiffness models are much dominant especially for the pressure drop around the deformed pipe units. The quantitative discussion on material based parameters will be made as the extension of this study from practical view points.
Internal stress profile The finite difference discretization for the tapered and bent pipe flow and the profiles of partial stresses under the stable flow are shown in Fig. 5 and Fig. 6 . In order to stabilize the computation, 10cm straight portion was put at the outlet of the deformed pipe units. The computational segregation was intentionally avoided by using the high viscosity parameters in Eq. (27) as specified in the previous section. At the deformed pipes, sharp drop of pressure is seen but the negligibly small. gradient of partial and total stresses at the straight unit. At the straight portion, the pressure drop is caused by the paste friction at the wall of pipes. On the other hand, the greater gradient of paste stress as pore liquid pressure is mathematically produced in order to sustain the stability of the aggregates motion against the contact stresses and wall friction.
Roughly speaking, the total inlet pressure excited by the deformed pipes is nearly proportional to the flow rate at the inlet if the rate of flow is comparatively small as shown in Fig. 7 . This is mainly due to the linearity of strain rate versus mean flow rate and the fact that the pressure generated is chiefly owing to the aggregate interaction mentioned above.
However, the nonlinearity can be seen when higher flow rate is assumed in computation. The mechanism of this nonlinearity is the coupled frictional resistance from the wall to concrete through the contact stresses of particles with the sectional stress transfer. The higher rate of flow induces the proportional shear rate which generates the sectional partial stresses and simultaneously, the shear contact stress is elevated due to the friction expressed by Eq. (26). This sort of double effect creates the nonlinearity even though each material model would be linear.
Effect of mixture proportion on pumpability Let us discuss the transient behavior of multi-phase flow. Fig. 8 shows the volume fraction of gravel in time and space domains. The pipe arrangement is the same as the one in Fig. 5 . The lower viscosity parameters concerning the segregation resistance was defined here. The accumulation of gravel around the outlet is found. The outlet of the pipe has the maximum volume concentration of the gravel. This means that some of the mortar matrix was discharged during the flow through the pipe. The stuck zone is found to expand from the outlet into the upper stream. However, as shown in Fig. 9 , the segregation is hardly computed in the case of lower content of gravel. The pore pressure is excited by the higher partial stress of gravel so as to mobilize the particles forward against the interaction of particles and the wall friction as described in Eq. (15) and Eq. (19) . The higher gradient of pore pressure needed to drive the solids is consequently associated with the drag force acting on the gravel in the dynamic equilibrium described by Eq. (19) . Accordingly, the high concentration of gravel in mixture brings segregation. Then, the higher viscosity on segregation tranquilizes the segregation effectively as shown in Fig. 9 .
The increase in the total inlet pressure depends on the segregation in progress if the lower segregation resistance would be assumed as shown in Fig. 10 . In computation, the instability on accumulated gravel around the outlet never terminate similar to the buckling of structural members if the segregation would start and the elevated contact stress further accelerate the segregation again. The transient aspect of gravel accumulation is profound when the specific volume fraction is greater than 50%. But, no computational instability nor segregation takes place for the case of bent pipe unit (See Fig. 11 ). The bent pipe unit was reported hardly to bring segregation in comparison with the tapered unit21. As a matter of fact, it was reported that the blockage involves segregation in tapered pipes, but no change of volume fraction of components in bent pipe. In other words, the blockage may happen around the bent pipe if any without accompanying segregation. The deforma- bility of the fresh concrete will be directly associated with the pumpability. On the other hands, the segregation resistance is problematic as well as the deformability of concrete. This has been also verified by the pumping test of fresh concrete in site21.
Effect of segregation resistance on pumpability Shown in Fig. 12 is the sensitivity of the viscosity parameter H to the segregation. The accumulation of gravel at the outlet is sharply affected by the viscosity parameter in case of the lower viscosity of drag force in Eq. (27). This means that the paste mixture with lower water to cement ratio is much effective to avoid segregation. It has to be noticed again that the gravel content plays an important role as theoretically discussed above. This computational result draws the point that the water to cement ratio depends on the amount of aggregates for the purpose of avoiding the segregation.
In time scale, the accumulation of gravel and corresponding contact stress are shown in Fig. 13 and Fig. 14 
CONCLUSIONS
The liquid-solid two phase modeling with multi-components of particulate assembly with various sizes was proposed as a versatile approach to the particulate flow suspended by liquid and segregation of fresh concrete around the obstruction. The spatially averaged procedure was performed to produce the smeared continuum flow field of solid particles.
The advantage of this approach was verified as that the effect of segregation on the macroscopic fluidity of fresh mixture can be dealt with, and that the sensitivity of the mixture proportion of concrete to fluidity and workability can be computed as a whole. The computational simulation showed that the instability of flow due to segregation was found to be influenced by the volume content of gravel as well as the viscosity of cement paste. Furthermore, it was successfully simulated that the lower viscosity of paste produced by the greater water to cement ratio brings blockage around the tapering flow despite greater value of slump. It was also simulated that blockage and the instability of flow around bent pipe hardly occur in comparison with the case of tapering flow. These analytical results were empirically reported and experienced at cite. Here, it should be emphasized that the partial stress concept proposed in this scheme of analysis enables us to examine the sensitivity of concrete mixture to the fluidity and segregation.
The reasonable solution mentioned above will encourage us to carry on in line with the multiphase theory for fresh concrete. The versatility required as engineering tool in practice relies on the material modeling, e. g., constitutive law for describing the particle interaction occurring under the particulate flow. Much effort is to be concentrated on the development of stiffness model for each component as the next stage. 
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